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'I'HE ANODIC OXIDATION OF OXALIC ACID ON Au 
Steven Charles Mueller 
Department of Chemical Engineering 
and 
Graduate Center for Haterials Research 
University of Missouri - Rolla 
Rolla, Missouri U.S.A. 
Abstract 
The anodic oxidation of oxalic acid on Au has been 
studied at 80°C in aqueous media. The reaction rate was 
measured as a function of potential, oxalic acid concen-
tration, pH, and temperature in H2so 4-K2so4-KoH solutions 
of unit ionic strength. 
The oxalic acid was oxidized only in acidic media. 
•rhe oxidation to co2 was essentially complete. A first 
order dependence of the rate on both pH and undissociated 
oxalic acid was found. A mechanism is proposed in which 
the first decarboxylation is the rate determining step. 
Introduction 
The anodic oxidation of oxalic acid has been the 
. 1 ' ' . G . l Ll ' 2 d SubJect of severa 1nvest1gat1ons. 1ner, op1s, an 
Shams El Din 3 studied the reaction at room temperature on 
Pt and reported that the oxidation to co2 is complete at 
potentials greater than 0.8 V(SHE) according to an over-
all reaction 
( 1) 
Assuming Langmuir-type adsorption, the Tafel slopes in-
dicated the first charge transfer to be rate determining. 
A mechanism was proposed that involved the formation of 
an oxide film which subsequently participated in the 
oxidation. 
Johnson, Wroblowa, and Bockris 4 studied the oxalic 
acid in electro-oxidation on platinized-Pt at 80°C. They 
concluded that oxalic acid was oxidized directly without 
an oxide film intermediate. It was noted that the Tafel 
2 
slopes changed from 2.3RT/aF to 2.3RT/F at temperatures 
greater than 50°C, indicating that the first charge trans-
fer changes from the rate determining step to a quasi-
equilibrium step in the reaction sequence. Intermediate 
oxalic acid coverages (0.2<8<0.8) necessitated the assump-
tion of Ten~in adsorption conditions. The second charge 
transfer was reported to be the rate determining step. 
It is well known that almost no oxide forms on Au 
over a wide potential range which includes that for the 
oxidation of oxalic acid on Pt. This study was carried 
out to see if oxalic acid could be oxidized on Au and 
thus illustrate whether or not an oxide film intermediate 
is a necessity for the reaction. 
EXPERIMEN'.rAL 
Cell and Apparatus. The cell, apparatus, and pro-
cedures have been described previously. 5 The anode was 
a 15 cm2 rectangular piece of fine gold foil. The 
cathode was platinized-Pt. The reference electrodes were 
3 
Hg/Hg2so4 (1 N H2so4 ) with acidic electrolytes and calomel 
(1 N KCl) with basic electrolytes. All potentials are 
reported vs. the standard hydrogen electrode at the 
temperature of the experiments (80+0.2°C). 
couloniliic efficiency studies involved an Ascarite absorp-
tion technique. 6 
Reagents. The oxalic acid, sulfuric acid, potassium 
sulfate, and potassium hydroxide were Fisher "Certified" 
reagents. Matheson prepurified nitrogen was used for 
purging and stirring. 
conductivity water. 
All solutions were made using 
RESULTS 
Rest Potentials. The rest potentials were +0.48 + 
0.01 V in 1 N H2so4 , independent of the oxalic acid con-
centration. The reversible potentials corresponding to 
reaction (1) are -0.51 to -0.54 V over the range of 
oxalic acid concentrations investigated. 
tentials decreased with pH. 
•rhe rest po-
Current-Potential Relationships. Polarization 
curves for various oxalic acid concentrations are shown 
in Figs. 1 and 2. They contain linear Tafel regions 
(slopes ca. 70 mV) spanning 1.5 to 2 decades of current 
density. The current densities appear to be approaching 
4 
limiting values at potentials above +0.85 V. This effect 
is more pronounced at the lower oxalic acid concentrations. 
No appreciable currents at potentials below oxygen evo-
lution were obtained in basic electrolytes. The polari-
zation curves were obtained potentiostatically and points 
were reproducible within + 10%. Steady currents were 
reached in approximately 20 minutes in the lower Tafel 
region and almost immediately in the higher. 
Oxalic Acid Concentration and pH Effects. The effect 
of oxalic acid concentration on current density at con-
stant potential is shown in Fig. 3 for the 1 N H2so4 
electrolyte. ~he pH is also constant since only very 
small quantities of oxalic acid are ionized in this 
5 
electrolyte. The plot is reasonably linear and gives a 
reaction order of unity. Since the total and unionized 
oxalic acid concentrations are nearly the same, the re-
acting species are not distinguished. As mentioned 
above, studies in basic electrolytes, where HC2o4 and 
= 
c2o4 would be the predominant species, gave no currents 
until potentials for oxygen evolution were reached. This 
indicates that the unionized molecule, H2c2o4 , is the 
species participating in the oxidation reaction. 
The pH effect was determined indirectly due to the 
appreciable dissociation of oxalic acid in slightly acidic 
or neutral solutions. The pH's of the solutions were 
measured and equilibrium relations were used to calculate 
the concentrations of the unionized oxalic acid. Current 
densities for the various pH's at a potential of +0.512 V 
(arbitrarily selected) were obtained from Fig. 2 and 
The lines drawn through 
the points show the unit concentration effect established 
previously. A semilog plot of pH vs. i using values from 
Fig. 4 for a constant concentration of unionized oxalic 
acid is shown in Fig. 5. This plot is also reasonably 
linear and gives a pH effect of unity. 
Temperature Effect. The current-temperature rela-
tions were determined potentiostatically in 1 N H2so 4 
and are shown in Fig. 6. The apparent activation 
energies are 16.5 and 18.8 kcal at +0.762 and +0.662 V, 
respectively. The effect of potential on the activation 
energy, aE ;av, is -23 kcal/volt (ca. -F), and is consis-a 
tent with the observed Tafel slopes. With this informa-
tion, the true activation energy (at the reversible 
potential) was estimated as 46 kcal. 
Coulombic Efficiency. The results of the coulombic 
efficiency experiments are shown in Table I. Analysis of 
the anolyte and cold-trap condensate from effluent gases 
by flame-ionization, gas chromatography techniques showed 
no evidence of any by-product formation. Within the ex-
perimental error, the conversion to co 2 is considered 
complete. This establishes Eq. (1) as being the overall 
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A consideration of the nature of the electrode allows 
the elimination of oxidation mechanisms on Au which in-
valve OH(ads) from water discharge due to the extremely 
low coverage of such species on this metal. 7 Several 
other characteristics of the mechanism can be deduced by 
an inspection of the experimental results. They are: 
1. The reactivity of oxalic acid only in acidic 
solutions and the consistent reaction orders obtained 
only when the concentration of the undissociated species 
was used indicate that the undissociated oxalic acid is 
* the initial reacting species. 
2. The high efficiency for conversion to co2 indi-
cates that oxalic acid is held at the electrode, i.e., 
adsorbed, until the reaction is complete, while the unit 
concentration dependence indicates a low coverage that 
** allows the assumption of Langmuir-type adsorption. 
3. The unit pH effect indicates the net involvement 
of one H+ as a product prior to the rate determining step. 
* The oxidation of oxalic acid on Pt was also found to 
. 'd 4 involve undissociated oxallc acl • 
** Low coverages, 8 < 0.005, have been reported for several 
saturated organic acids on Au. 8 
9 
4. The Tafel slopes of ca. 70 mv (2.3RT/F) indicate 
a rate determining chemical step subsequent to the first 
electron transfer. 
For the anodic oxidation of oxalic acid on Pt, two 
mechanisms were found which agreed with the experimental 
results, and between which a distinction was not possible: 4 
l.a. ( 2) 
rds + 
-+ 2C02 + H + e ( 3) 
l.b. ( 4) 
HC0 2 (ads) + C0 2 ( 5) 
Hco2 (ads) ( 6) 
An inspection of the second mechanism (l.b.) shows that 
it satisfies all the requirements for the reaction on Au 
if (5) is the slow step. The corresponding rate equation 
for this sequence (step 4 at quasi-equilibrium, step 5 
rate determining, low coverage of oxalic acid) is 
exp (FV/RT) ( 7) 
The forward shift of the rate determining step and the low-
er coverages of oxalic acid on Au as compared to Pt are 
consistent with the lesser ability of Au to form covalent 
* bonds (no d-band vacancies) with adsorbed species. 
Some interesting points are brought up when one at-
10 
tempts to show a schematic representation of the suggested 
mechanism (Fig. 7). The first is the initial adsorption. 
This could reasonably occur as shown in step I through a 
covalent bonding between Au and a carbon atom and un-
doubtedly would be facilitated by the relative ease with 
which hydrogen ions can be removed (from acidic nature 
of oxalic acid) and the favorable opportunity for reso-
nance that is present in the carboxylate group. Step I 
probably consists of a sequence of steps that would be 
dependent on the oxalic acid species coming in contact 
with the Au electrode which is highly electron attracting 
** 
at the potentials under consideration. 
The high co2 production efficiency and absence of 
any by-products indicate that the first decarboxylation 
(the r.d.s.) occurs from the non-adsorbed carboxylate. 
The unit pH effect indicates that the first decarboxylation 
also occurs prior to the loss of the second hydrogen ion. 
An inspection of the species formed by step I immediately 
* 
** 
The ability of Au to form covalent bonds at all is at-
tributed to the uniquely small energy required to form 
. 6 
d-band vacancies by d-s promot1on. 
This explains to some extent why only the unionized 
species are involved in the reaction. 
11 
leads one to question how this could occur. The apparent 
conflict is readily resolved by a further resonance form 
(structure) which is common for compounds such as oxalic 
acid (Steps III-V) and which accomplishes the transfer 
of a hydrogen ion from the non-adsorbed to the adsorbed 
carboxylate. Since a hydrogen ion is both removed and 
added prior to the r.d.s., there is no additional net pH 
effect. This now allows decarboxylation to occur from 
the non-adsorbed carboxylate while the other remains ad-
sorbed. The species formed by step VI proposed as an 
intermediate in the oxidation of formic acid possesses a 
high efficiency for conversion to co 2 . 9 An examination 
of the polarization curves for formic acid oxidation shows 
that this would be very rapidly oxidized in the potential 
region of this study. 
It can be seen that similar reaction sequences ade-
quately explain the anodic oxidation of oxalic acid on 
both Pt and Au. The difference in the respective mech-
anisms can be attributed primarily to the relative 
adsorptive abilities of the metals. It is therefore 
unlikely that water discharge reactions are of signifi-
cant importance in either. 
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Captions for Figures 
Current-potential relationships for the anodic 
oxidation of oxalic acid on Au in lN H2so 4 at 
8 0 ° C • { '\7 , 0 • 0 0 1M; 0 , 0 • 0 0 3!1; 0 , 0 . 0 H4; 
1::::.. , 0. 0 3M; 0 I 0 .1M) 
Current-potential relationships for the anodic 
oxidation of oxalic acid in various K2so4 -
H2so4 solutions at 80°C. { 6,., 0 .1M, pH = 
2. 0; 0 I 0. 0 3M, pH = 2. 5; 0 I 0. 0 l.t-1, pH = 2. 9; 
'\7, O.OlM, pH = 3.0 
Current-oxalic acid concentration relationship 
for the anodic oxidation of oxalic acid in 
lN H2so4 at a constant potential {V = +0.712 
V SHE). 
Current-unionized oxalic acid concentration 
relationship in K2so 4 - H2so4 solutions at 
constant potential (V = +0.512 v SHE). 
{ fJ. , pH = 3 • 0 ; 0 , pH = 2 • 9 ; 0 , pH = 2 • 5 ; 
"\1, pH = 2 .0) 
Current-pH relationship for the anodic oxi-
dation of oxalic acid at constant potential 
and constant unionized oxalic acid concentra-
tion. {V = +0.512 V SHE; C = O.OOlM) 
Figure 6. 
Figure 7. 
Current-temperature relationship for the 
anodic oxidation of O.OlM oxalic acid in 
lN H2S04. ( ~, v = +0.762 v SHE; 0 I v = 
+0.662 V SHE) 
Schematic representation of the mechanism of 
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First electron transfer. Ad-
sorption by resonance in the 
carboxylate and ~-s promotion 
in Au. 
Loss of H+ to neutralize 
localized charge. 
+ Loss of H . 
Further resonance. 
+ Audition of H . 
21 
Step VI. First decarboxylation(r.d.s.). 
Step VII. Second electron transfer. 
Step VIII. Loss of H+ to neutralize lo-
calized cllarge. 
Step XIX. Second decarboxylation. 
Pigure 7. 
1. Oxalic Acid. 
APPENDIX A 
MATERIALS 
Fisher Certified Reagent, Fisher 
Chemical Company, Fairlawn, N.J. 
2. Potassium Sulfate. Fisher Certified Reagent, 
Fisher Chemical Company, Fairlawn, N.J. 
22 
3. Sulfuric Acid. Fisher Certified Reagent, Fisher 
Chemical Company, Fairla\vn, N.J. 
4. Potassium Hydroxide. Fisher Certified Reagent, 
Fisher Chemical Company, Fairlawn, N.J. 
5. Ascarite. 20-30 Mesh Lot #8120, Arthur H. Thomas 
Company, Philadelphia, Pa. 
6. Nitrogen. ~1atheson Pre-purified Grade, Matheson 
Company, Chicago, Ill. 
APPENDIX B 
APPARATUS 
1. Potentiostat. Wenking No. 6356TR, Brinkman 
Instruments, Great Neck, N.Y. 
2. Recorder. Esterline-Angus Graphis Ammeter, 0-1 
rna, Esterline-Angus Company, Indianapolis, Indiana. 
3. Power Resistor. Decade box Mod. No. 240-C, 
Clarostat Vlanufacturing Co., Dover, N.H. 
4. Power Supply. Hewlitt-Packard Mod. 711A, 0-500 
v.d.c., Hewlitt-Packard Co., Palo Alto, Calif. 
5. Power Supply. Gates D.C. Power Supply, 0-500 
v.d.c., Gates Electronics Co., 'New York, N.Y. 
23 




















OF OXALIC ACID IN 1 N H2so4 (T = 80°C) 
OXALIC ACID CONCENTRATION = 0.001 M 
* Potential Total Current Current Density 
V(SHE) amp/em 2 rna 
+0.612 0.002 1. 45xl0- 7 
+0.662 0.01 6.7 xl0- 7 
+0.712 0.045 3.0 xlo- 6 
+0.762 0.18 1.2 xl0- 5 
+0.812 0.65 4.4 xlo- 5 
+0.862 2.1 1. 45xl0 -4 
+0.912 5.6 3.9 xl0- 4 
+0.962 5.0 3.5 xl0- 4 
+1.012 4.5 3.1 xlo- 4 
+1.062 5.0 3.5 xl0- 4 
26 
TABLE III 












OF OXALIC ACID IN 1 N H2so 4 (T = 80°C) 
OXALIC ACID CONC:CNTRA'J:'ION = 0.003 H 
* Potential Total Current Current Density 
V(SHE) amp/em 2 rna 
+0.612 0.005 3. 4xl0 
-7 
+0.662 0.024 1.6xl0-6 
+0.712 0.10 6.7xl0 
-6 
+0.762 0.32 2.2xl0- 5 
+0.812 1.2 8.3xl0-5 
+0.862 4.0 2. 8xl0 
-4 
-4 
+0.912 9.5 6. 6 xlO 
+0.962 12.0 8.5xl0 
-4 
-4 
+1.012 12.0 8.5xl0 
TABLE IV 
CURRBN'r-POTENTIAL VALUES FOR THE AL'\J'ODIC OXIDATION 
OF OXALIC ACID IN 1 N H2 SO 4 ('r = 80 ° C) 
OXALIC ACID CONC:CNTRATIOU = 0.01 H 
* 
27 
Potential Potential 'l'otal Current Current Density 
V(NSE) V(SHE) amp/em 2 rna 
+0.05 +0.612 0.023 1.5xl0 -6 
0.00 +0.662 0.085 5.6xl0 -6 
-0.05 +0.712 0.40 2.7xl0 -5 
-0.10 +0.762 1.5 l.OxlO -4 
-4 
-0.15 +0.812 5.0 3.3xl0 
-0.20 +0.862 14.0 9.4xl0 -4 
-0.25 +0.912 25.0 1.7xl0 -3 
-0.30 +0.962 30.0 2. OxlO -3 
-0.35 +1.012 25.0 1.7x10 -3 
TABLE V 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION 
OF OXALIC ACID IN l N H2so 4 (T = 80°C) 
OXALIC ACID CONCENTPJ\TION = 0. 03 Ul 
* 
28 
Potential Potential Total Current Current Density 
V(NSE) V (SHE) amp/em 2 rna 
+0.05 +0.612 0.06 4. OxlO -6 
0.00 +0.662 0.24 l.6xl0- 5 
-0.05 +0.712 1.0 6.7xl0- 5 
-0.10 +0.762 3.8 2.7xl0 
-4 
-4 
-0.15 +0.812 12.0 8.5xl0 
-3 
-0.20 +0.862 26.0 l.8xl0 
-3 
-0.25 +0.912 38.0 2.7xl0 
-0.30 +0.962 50.0 3.6xl0 
-3 
TABLE VI 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION 
OF OXALIC ACID IN 1 N H2so 4 (T = 80°C) 
OXALIC ACID CONCENTRATION = 0.1 M 
* 
29 
Potential Potential Total Current Current Density 
V(NSE) V (SHE) amp/em 2 rna 
+0.05 +0.612 0.10 6.6xl0 -5 
0.00 +0.662 0.44 3.0xl0 -5 
-0.05 +0.712 1.6 l.lxlO -4 
-0.10 +0.762 5.7 4.0xl0 -4 
-0.15 +0.812 19.0 1.4xl0 -3 
-0.20 +0.862 39.0 2.7xl0 -3 
-0.25 +0. 912 75.0 5.0xl0 -3 
TABLE VII 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDA'riON 
OF OXALIC ACID IN 1 N K2so4 (T = 80°C) 
OXALIC ACID CONCENTRATION = 0.01 M (pH ~ 3.0) 
* 
30 
Potential Potential Total Current Current Density 
V(NSE) V(SHE) amp/em 2 rna 
+0.20 +0.462 0.005 3.3xl0- 7 
+0.15 +0.512 0.025 1.7xl0 
-6 
+0.10 +0.562 0.10 6.7xl0 
-6 
+0.05 +0.612 0.35 2.4xl0 
-5 
0.00 +0.662 0.90 6.0xl0 
-5 
-0.05 +0.712 2.1 1.5xl0 
-4 
-0.10 +0.762 4.0 2.8xl0 
-4 
TABLE VIII 
CURRENT-POTENTIAL VALUES FOR THE MJODIC OXIDATION 
OF OXALIC ACID IN 1 N H2so4 (T = 80°C) 
OXALIC ACID CONCENTRATION = 0 .1 :H (pH = 2. 0) 
* 
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Potential Potential Total Current Current Density 
V(NSE) V(SHE) rna amp/cm2 
+0.20 +0.462 0.046 3.lxl0 -6 
+0.15 +0.512 0.15 l.OxlO -5 
+0.10 +0.562 0.63 4.2xl0- 5 
+0.05 +0.612 2.5 1.7xl0 -4 
0.00 +0.662 8.5 5. 9 xlO -4 
-0.05 +0.712 24.0 1.7xl0 -3 
-0.10 +0.762 50.0 3.5xl0 -3 
*Hg/Hg2so 4 , V = +0.662 V(SHE) 
TABLE IX 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION 
OF OXALIC ACID IN 1 N K2so4 (T = 80°C) 
OXALIC ACID CONCENTRA'l'ION = 0.03 M (pH= 2.5) 
* 
32 
Potential Potential Total Current Current Density 
V(NSE) V(SHE) amp/em 2 rna 
+0.20 +0.462 0.034 2.3xl0 -6 
+0.15 +0.512 0.12 8. OxlO -6 
+0.10 +0.562 0.53 3. 6xl0 -5 
+0.05 +0.612 2.0 1.4xl0 -4 
0.00 +0.662 6 .. 5 4.5xl0 -4 
-0.05 +0.712 17 .. 0 1. 2xl0 -3 
-0.10 +0.762 34.0 2.4xl0 -3 
TABLE X 
CURRENT-POTENTIAL VALUES FOR THE ANODIC OXIDATION 
OF OXALIC ACID IN l N H2so4;K2so 4 (T = 80°C} 
OXALIC ACID CONCENTRATION = 0.01 H (pH = 2.9} 
* Potential Potential Total Current Current Density 
V(NSE} V(SHE} amp/em 2 rna 
+0.20 +0.462 0.012 8.0xl0 -7 
+0.15 +0.512 0.05 3.3xlo-6 
+0.10 +0.562 0.19 l.3xl0 -5 
+0.05 +0.612 0.80 5. 5xl0 -5 
o.oo +0.662 2.80 l. 9xl0 -4 
-0.05 +0.712 8.5 6.7xl0 -4 
-0.10 +0.762 15.0 l. OxlO -3 
V = +0.662 V(SHE} 
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TABLE XI 













OF OXALIC ACID IN 1 N H2So4 
OXALIC ACID CONCENTRATION = 0.01 M 
* 
Total 
Potential Potential Current 
V(NSE) V(SHE) rna 
0.00 +0.662 0.086 
-0.10 +0.762 1.50 
0.00 +0.662 0.04 
-0.10 +0.762 0.70 
0.00 +0.662 0.023 
-0.10 +0.762 0.48 
0.00 +0.662 0.016 
-0.10 +0.762 0. 30 
0.00 +0.662 0.007 




-6 5.6xl0_ 4 
l.OxlO 




-6 1.1x10_ 5 
2.0xl0 
-7 4.8x10_ 5 
1.0x10 
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